ABSTRACT YOUMANS, Guy P. (Northwestern University Medical School, Chicago, 11.), AND ANNE S. YOUMANS. Nonspecific factors in resistance of mice to experimental tuberculosis. J. Bacteriol. 90:1675Bacteriol. 90: -1681Bacteriol. 90: . 1965.-In contrast to viable attenuated mycobacterial cells, Escherichia coli lipopolysaccharide (LPS) did not produce an acute pulmonary granulomatous response in mice, did not decrease the tolerance of mice to early subsequent intravenous injections of viable attenuated mycobacterial cells, nor did it increase susceptibility to tuberculous infection when injected simultaneously with virulent mycobacterial cells. When the injection of E. coli LPS was followed by the intravenous injection of virulent mycobacterial cells, there was a moderate increase in resistance to tuberculous infection which was maximal 7 to 14 days after the LPS injection. The degree of increased resistance to tuberculous infection was approximately the same as that produced by nearly maximal tolerated doses of heat-killed attenuated mycobacterial cells, and to that produced by a trichloroacetic acid extract of heat-killed attenuated mycobacterial cells. It is suggested that the major, if not entire, immunizing component of heat-killed attenuated mycobacterial cells resides in a heat-stable "nonspecific" component. A "multiple response" theory of immunity to tuberculosis is proposed.
In a previous publication (Youmans and Youmans, 1964d) , we have shown that an acute pulmonary granulomatous response can be induced in the lungs of male CF-1 mice by the intravenous injection of large numbers of living attenuated or heat-killed attenuated mycobacterial cells, thus confirming the findings of Myrvik, Leake, and Oshima (1962) with rabbits. Depending upon the experimental conditions, three distinct phenomena could be noted in conjunction with the elicitation of the granulomatous response in mice. (i) A marked increase in resistance to infection with virulent tubercle bacilli became evident within 3 days after the granulomatous response-producing injection of attenuated cells. Although the granulomatous response was quantitatively the same, the degree of this increased resistance to infection was appreciably greater when living attenuated mycobacterial cells were used to induce the granulomatous response than when heat-killed cells were employed. (ii) A pronounced increase in susceptibility to infection with Mycobacterium tuberculosis occurred when the virulent cells were mixed with attenuated mycobacterial cells and the two were intravenously iinjected simultaneously. A similar phenomenon had been noted by Schaedler and Dubos (1957) , who used either heat-killed BCG cells, or a methanol extract of mycobacteria, and Staphylococcus aureus, and M. fortuitum as the infecting agents. The increase in susceptibility to infection with M. tuberculosis was significantly greater when living attenuated mycobacterial cells were employed in the mixture than when heat-killed cells were used. (iii) The occurrence of immediate, severe convulsive, and frequently fatal, reactions was observed upon injection of mice intravenously with virulent mycobacterial cells shortly after they had been given the intravenous granulomatous response-inducing injection of attenuated cells. This increased sensitivity to injection of mycobacterial cells decreased with passage of time, and within 3 to 5 days the reactions were much less severe.
The similarity of the first two phenomena described above to those produced in mice by endotoxins isolated from gram-negative bacteria is evident. To our knowledge, no substance has been isolated from mycobacterial cells which is similar in all of its biological properties to the lipopolysaccharides which can be extracted from many gram-negative bacteria. However, it is well recognized that whole mycobacterial YOUMANS AND YOUMANS cells, both living and killed, and a number of chemically undefined growth products and extracts of mycobacterial cells can induce in mice an appreciable degree of increased resistance to heterologous infection Elberg, Schneider, and Fong, 1957; Girard and Grumbach, 1958; Howard et al., 1959; Williams and Dubos, 1959; Gledhill and Rees, 1960; Weiss, 1960; Weiss, Bonhag, and Parks, 1964) . The possible relationship between this nonspecific resistance-increasing factor and the endotoxins of gram-negative bacteria also has been commented on by several investigators (Williams and Dubos, 1959; Millman, 1961; Weiss et al., 1964) .
The possibility exists, therefore, that some substance present in mycobacterial cells, similar in biological properties to the endotoxins of gramnegative bacteria, might account for the three phenomena outlined above. To test this hypothesis, experiments have been conducted in which lipopolysaccharide extracted from E. coli has been substituted in the experimental systems for the attenuated mycobacterial cells.
In addition, the relationship between the increased resistance of mice after immunization with heat-killed mycobacterial cells and the increased resistance produced by E. coli lipopolysaccharide (LPS) has been explored.
Finally, a "multiple response" theory of immunity to tuberculosis has been proposed.
MATERIALS AND METHODS
The attenuated H37Ra and the virulent H37Rv were the human mycobacterial strains employed. These were cultivated at 37 C as pellicles on a modified Proskauer and Beck medium, and the cells were harvested 2 to 3 weeks after inoculation. The composition of the culture medium and the methods of preparation and standardization of the cell suspensions were given previously (Youmans and Karlson, 1947) .
Several samples of E. coli LPS were used. These were prepared from either E. coli strain 086 or strain 0128. Before use, each sample was tested for toxicity by injecting graded doses intravenously into CF-1 male mice. The LD5 in each case was between 300 and 400,ug.
CF-1 male mice weighing between 25 and 30 g were used. All injections were given intravenously by means of one of the lateral veins of the tail.
The measurement of the pulmonary granulomatous response in mice after the intravenous administration of mycobacterial cells was described in detail previously (Youmans and Youmans, 1964d) . Briefly, however, five mice in each experimental group were killed by etherization. These were autopsied, the lungs were removed, the heart and mediastinal contents were dissected out, and the lungs were blotted free from excess blood and weighed. They were then placed ill 10% formaldehyde. The mean of the weights of the lungs of the five mice was calculated. It has been shown that the mean increase in weight of the lung, under these conditions, is proportional to the degree of the granulomatous response (Youmans and Youmans, 1964d ).
Resistance of mice to infection was measured in either one of two ways. (i) A record was kept of the time of survival of each mouse in each experimental group, and the percentage of animals that survived for longer than 30 days was compared with the percentage of animals that survived longer than this period in the control groups. When indicated, the probability of survival differences being significant was calculated by the chisquare test. The rational for and the validity of this procedure has been extensively covered previously (Youmans and Youmans, 1957) . (ii) If the majority of the mice died earlier than 30 days, the median survival time was calculated, and the significance of differences was determined by use of the methods recommended by Litchfield (1949) .
RESULTS
In the first experiment, mice were injected intravenously only with LPS in doses ranging from 25 to 200 Mig. Five mice were killed at frequent intervals over a period of 28 days, and the lungs were examined. No gross or microscopic evidence of an appreciable granulomatous response was obtained.
In another experiment, mice were injected, again intravenously, with amounts of LPS ranging from 25 to 200 ,ug, and at intervals within the following 3 days they were injected intravenously with 1.0 mg of virulent mycobacterial cells. No untoward reactions or evidence of increased sensitivity to mycobacterial cells were noted.
To test the effect of E. coli LPS on susceptibility, mice also were injected simultaneously either with attenuated mycobacterial cells and virulent tubercle bacilli or with LPS and virulent tubercle bacilli. The data in Table 1 show that when various doses of LPS were used in combination with virulent cells no significant effect was noted on the course or outcome of the tuberculous infection. Mice were then given E. coli LPS intravenously and subsequently challenged intravenously at various times with 1.0 mg of virulent tubercle bacilli. A moderate increase in resistance to infection was noted in mice given the largest doses of LPS; this first appeared when the mice were infected 5 days after the LPS injection. This increase in resistance was most marked when the mice were challenged at 7 and 14 days ( Table 2) .
The response of CF-1 mice to the largest dose of LPS is similar to that seen after immunization with heat-killed attenuated mycobacterial cells. This can be seen from the data in Table 3 , which shows the results of experiments designed to test at frequent intervals the response to immunization with heat-killed (autoclaved at 20 lb for 20 min) attenuated cells of the H37Ra strain.
There is a general parallel between the response to both doses of the heat-killed cells and to the 200-,ug dose of LPS, although some differences were noted. More resistance was noted at 3 days in the mice which received the heatkilled cells than in those which received LPS, and the increase in resistance due to LPS persisted for only 21 days. The number of mice which survived longer than 30 days was greater after injection of 5 mg of the heat-killed cells than with the 1.0-mg dose or the LPS. Statistically, there was a difference between the 1-and 5-mg groups only at 28 and 35 days, and at 28 days between the 5-mg dose and LPS. This shows that the increased resistance produced by heat-killed cells will persist for a prolonged period provided the immunizing dose is large.
It is well recognized that heat-killed attenuated mycobacterial cells are much less effective immunizing agents than are living attenuated cells (Youmans and Youmans, 1957; Millman, 1961) . There is a possibility that an endotoxinlike moiety may be responsible for a major part of the immune response to heat-killed cells, especially in view of the similarity between the response of mice in this respect to E. coli LPS and to heat-killed mycobacterial cells. To partially test this hypothesis heat-killed attenuated H37Ra cells were extracted with 0.25 N trichloroacetic acid (Kabat and Mayer, 1961) . Residual whole cells and cell debris were removed by centrifugation and filtration through an 0.22 m,u Millipore filter. After dialysis, the material was dried by lyophilization. The light greenish-brown powder resuspended to form a stable rather opalescent solution. Graded doses, up to 2 mg, were injected intraperitoneally into CF-1 male (Table 4) .
DISCUSSION
It is apparent that for the elicitation of the phenomena described in the introduction, E. coli LPS will substitute for intact attenuated mycobacterial cells only for the production of early increased resistance to tuberculosis. The magnitude of the increased resistance produced by maximally tolerated doses of LPS is appreciably less than that produced by intact viable attenuated mycobacterial cells, but does not differ significantly from that produced by the injection of nearly the maximal tolerated doses of heatkilled attenuated mycobacterial cells. This suggests the possibility that the major portion of the resistance induced by heat-killed mycobacterial cells against both heterologous and homologous infection may be accounted for by a lipopolysaccharide moiety which resembles the endotoxins of the gram-negative bacteria in this respect, but differs from them in being relatively nontoxic upon intraperitoneal injection. This is supported by the fact that a trichloroacetic acid extract of heat-killed attenuated mycobacterial cells contained a material which paralleled the resistance-increasing activity of intact heat-killed cells. It is also supported by the work of Hedgecock (1965) , who reported that a lipopolysaccharide isolated from mycobacterial cells by extraction with phenol will produce in mice an increase to both homologous and heterologous infection. This lipopolysaccharide also was nontoxic for mice after intraperitoneal injection of large amounts Hedgecock (personal communication). Choucroun (1947) reported that a lipopolysaccharide extracted from dead autoclaved tubercle bacilli will increase the resistance of guinea pigs to infection with M. tuberculosis, and Robson and Smith (1961) showed that this LPS was a far less effective immunizing agent for mice than were live attenuated mycobacterial cells. Furthermore, Suter and White (1954) reported that a LPS isolated from mycobacterial cells has a stimulating effect on the reticuloendothelial system of guinea pigs and that peritoneal macrophages from LPS-treated guinea pigs have an increased capacity to inhibit the multiplication of M. tuberculosis.
Support is provided, also, by a mass of data, provided by numerous experimentors over many years, that proteins, lipids, phosphatides, and waxes extracted from tubercle bacilli may, on occasion, induce increased resistance to tuberculous infection. None of these materials has been pure, however, and may easily have been contaminated with sufficient LPS to have accounted for the resistance-increasing effects. This voluminous literature has been very well reviewed by Crowle (1958) . Crowle (1958) pointed out "the mechanism of tuberculo-immunity at present is far from clear." It would be no over-statement to say that at present the situation is, if anything, even more confused. This is evident from the divergent, and contradictory, reports which come from different laboratories. In fact, the controversy on whether tuberculo-immunity is dependent upon antibody (Jenkin and Rowley, 1963) or is purely cellular (Suter and Ramsier, 1964 ) is still going on.
It is our opinion that a great deal of the confusion arises because of a general lack of understanding of the multiple factors which may be involved. It is conceivable that several mechanisms may operate, and that the degree to which any one mechanism will contribute to the state of resistance of a particular animal at any time will, in turn, depend upon a large number of factors. This, in itself, is a clarifying concept because, if correct, discrepant results, when different laboratories are using different extraction procedures and different methods of evaluation of the immune response, would be the rule rather the exception. Because of the relation to the data presented in this paper, a brief discussion of what we may call the "multiple response" theory is warranted here. A more exhaustive analysis will be given elsewhere.
Is there evidence to support the possibility that more than one mechanism is involved in tuberculo-immunity? We feel that analysis of data now available strongly supports the contention that there are at least three such mechanisms, and, depending upon the experimental conditions, one, two, or all three may operate. Furthermore, again depending upon the experimental conditions, only one, or two, or all three, may be detected or measured.
First, the evidence presented in this paper and the works referred to above all point strongly to the conclusion that mycobacterial cells possess a heat-stable substance which can induce a moderate degree of increased resistance to both homologous and heterologous infection. This may be a LPS, although Millman (1961) suggested that the lipid portion of a LPS complex may be the protective entity. This differs from the classical "endotoxins," in being relatively nontoxic upon intraperitoneal injection. Regardless of its exact nature, this substance can conveniently be referred to as the "nonspecific" immunizing component, even though resistance also is engendered to mycobacterial infection. That a "nonspecific" immunizing component of attenuated mycobacterial cells may cause confusion in the assessment of immunity to tuberculous infection in experimental animals also was pointed out by Dubos (1964) .
Second, the fact that living attenuated cells are far more effective immunizing agents than are killed mycobacteria, under conditions where it can be demonstrated that no multiplication of the viable cells takes place in the vaccinated animals (Youmans and Youmans, 1957; Millman, 1961) , suggests that a heat-labile agent also may be involved in the production of tuberculo-immunity. The isolation by Youmans (1964a, b, c, 1965 ) of a labile intracellular immunogenic component from viable cells of the H37Ra attenuated strain provides direct confirmation. The designation of this immunizing component as "specific" is probably premature, since extensive tests of the capacity of this fraction to induce increased resistance to infection with microorganisms other than mycobacteria have not been completed. Indirect evidence on this point is provided, however, by the fact that although viable attenuated mycobacterial cells are far more effective than heat-killed cells for the production of immunity to experimental tuberculosis, they are no more effective than heat-killed cells in protecting against heterologous infection (unpublished data).
Third, the granulomatous response, which is such a characteristic feature of tuberculous infection, undoubtedly plays a considerable role in increased resistance (Youmans and Youmans, 1964d) . While the quality (competency to inhibit multiplication of virulent mycobacteria) of the macrophages involved in the granulomatous response is of paramount importance, it is clear that the numbers also are important. It seems probable that the substance or substances responsible for the granulomatous response differ from the "non-specific" and labile factors mentioned above (unpublished data).
Therefore, it would appear that at least three mechanisms may operate in the resistance of the host to tuberculous infection: (i) a nonspecific stimulation of the reticuloendothelial system similar to that produced by endotoxins found in gram-negative bacteria; (ii) a probably more specific immune mechanism which may or may not be mediated by an antibody; (iii) the rapid accumulation and proliferation of macrophage cells. Each, possibly, may be excited in the host by a different component of the mycobacterial cell.
It would be of inestimable value if, in each immunization study, the degree to which each of the above-listed mechanisms contributed to the total response could be measured. This is not entirely feasible at present, but a partial solution is at hand. For example, in mice, the nonspecific response appears early and tends to decrease whereas the response to the heat-labile component appears later and increases over subsequent weeks (unpublished data). In this con-1680 YOUMANS AND YOUMANS nection, Williams and Dubos (1959) noted a bimodal response in the resistance of mice immunized with certain fractions isolated from mycobacterial cells extracted with methanol. They suggested that this might be accounted for by an early nonspecific response followed by a more slowly developing specific response.
A general recognition of the probable existence of the situation as outlined above and then a careful scrutilny of the methods used by each investigator in the evaluation of results should give evidence as to which type of immunity is being measured. If these measures are taken, confusion in the tuberculo-immunity field should decrease.
